Abstract: Pd-catalyzed Suzuki coupling is used to prepare poly(p-phenylene)s (PPPs) bearing oligo(ethylene oxide)s (OEOs) and trialkylamino groups as lateral substituents. The OEO substituents require very specific reaction conditions during monomer synthesis -presumably due to their coordinating oxygen atoms -but do not affect the subsequent Pd-catalyzed polycondensation process. In contrast to this, the lateral amino groups lower the degree of polycondensation of the PPPs considerably when their nitrogen atom is placed in the β-position of the side chains. When there is a longer spacer group between the amino nitrogen and the aromatic ring to be coupled, however, high-molecular-weight PPPs can be obtained. Provided an appropriate substitution pattern and long OEO side chains are used, the resulting PPPs are readily soluble not only in organic solvents but even in aqueous media. For one of these PPPs, the degree of protonation has been determined as a function of pH, using 1 H and 13 C NMR spectroscopy as well as potentiometry. It is shown that the polymer is completely deprotonated at pH > 10.5 and quantitatively protonated at pH < 4.0.
Introduction
Polyelectrolytes are key compounds in all living organisms as well as in many materials and processes of our daily life [1] [2] [3] . DNA [4] [5] [6] [7] [8] and xanthane [9] [10] [11] [12] on the one hand, and flocculents, superabsorbers, ion exchangers and pharmaceutical polymers [1] [2] [3] [13] [14] [15] on the other hand may serve as examples. In most cases, the polyelectrolytes develop their benefits only when either dissolved in water or when in close contact with an aqueous medium. Hence, in order to tailor-make polyelectrolytes for a specific application, profound understanding of their properties in aqueous solution is necessary. It is well-known that intra-and intermolecular electrostatic (Coulomb) forces, osmotic effects and conformational changes must be considered in detail to develop this understanding. Consequently, much effort has been spent in analyzing these effects using many different techniques . However, profound interpretation of the collected data proved to be very difficult. This is in particular because the range and strength of the intra-and intermolecular Coulomb forcesand hence all properties influenced by electrostatic interactions -greatly depend on the ionic strength: at very low ionic strength, the polyelectrolyte molecules repel each other over very long distances because of the Coulomb interaction of their charged main chains. In the case of conformationally flexible polyelectrolytes, the electrostatic forces additionally cause intramolecular repulsion of the chain segments. Stretching and stiffening of the polymer main chains, and hence coil expansion, are the consequences. Therefore, without profound theoretical understanding of the solution properties of flexible polyelectrolytes it is impossible to differentiate the macroscopically observed facets of polyelectrolyte behavior quantitatively according to the various contributions of the underlying inter-and intramolecular electrostatic, conformational and osmotic effects. This prevents the reliable prediction of a best polyelectrolyte structure for a specific aim. Vice versa, however, it is impossible to develop the needed basic knowledge about polyelectrolytes by just considering solutions of the conventional flexible systems. The complexity of their behavior is the central reason for our current situation where neither a generally accepted theoretical description nor a profound evaluation of the experimental data is available for aqueous solutions of conformationally flexible polyelectrolytes.
Rigid, rod-like polyelectrolytes, on the other hand, cannot change their shape significantly. Since conformational changes as a function of the ionic strength can be neglected, they represent ideal model systems for developing the required deeper understanding of polyelectrolyte behavior in solution. Here, the poly(p-phenylene) (PPP) system seems to be one of the most appropriate polymer backbones because (i) it is intrinsically rod-like due to the all-para-connected phenylene moieties, and (ii) it is perfectly inert against hydrolysis and all other side reactions possible in aqueous media. Hence, much effort has been spent in developing powerful synthetic routes for the preparation of PPP-based polyelectrolytes [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] .
In our early studies on PPP synthesis we successfully combined the Pd-catalyzed Suzuki reaction with the concept of solubilizing flexible side chains to make available high-molecular-weight but nevertheless readily soluble polymers [57] [58] [59] . Later on, we broadened the scope of this concept to the synthesis of rod-like PPP polyelectrolytes. In most cases, we renounced the apparently more convenient direct polyelectrolyte syntheses (general route A in Scheme 1). This was because parameters such as the average molar masses and the molar-mass distributions are important quantities for the profound interpretation of the polyelectrolytes' properties but are very difficult to determine using ionic polymers. Instead, we applied macromolecular substitution routes (general route B in Scheme 1) for our polyelectrolyte syntheses [38] [39] [40] [41] [42] . Here, the Pd-catalyzed polycondensation process (step 1) leads to a non-ionic precursor PPP which can be characterized using all conventional techniques of polymer analysis. Provided a sufficiently efficient and selective derivation process is available for the subsequent step 2, the fully analyzed precursors can be converted into the desired PPP polyelectrolytes while all molecular information determined in advance by means of the uncharged precursors remains valid.
Phenoxyalkyl groups were found to belong to the most appropriate precursor functionalities for this synthetic strategy [40] [41] [42] : they proved to be perfectly inert during the Pd-catalyzed polycondensation process but can be converted easily and quantitatively into many different electrolyte groups. Scheme 2 displays possible conversions of the phenoxyhexyl-substituted precursor PPP 1 via the reactive intermediate 2 into cationic PPP polyelectrolytes 3 -5.
Using this precursor strategy, a variety of further polyelectrolytes was prepared like 9 -11 (Scheme 3) as well as their anionic counterparts bearing, for example, carboxylic acid or sulfonic acid functionalities. However, only those polymers proved to be soluble in water which bear at least two cationic groups at each p-phenylene repeating unit as is the case in 3 and 4. All other polymers, even if four cationic groups are attached to every second phenylene moiety like in PPP 11 -which thus has the same overall charge density as its water-soluble counterpart 3 -are insoluble in water. 
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Si(CH 3 ) 3 I pyridine triethyl amine 1) TMEDA 2) ethyl iodide Scheme 2. Precursor syntheses leading to water-soluble cationic PPP polyelectrolytes
We assume that this strong influence of the molecular architecture on water solubility is due to the fact that the skeleton of all these PPPs is an apolar hydrocarbon. The water solubility of systems like 3 or 4 is therefore only generated by the cationic ammonium groups which cover the molecule's surface and thus prevent intermolecular hydrophobic interactions of the apolar macromolecule's interior. To be sufficiently effective in water, this polar cylinder shell seems to need (i) a minimum of charge-density and (ii) a sufficient homogeneity of charge distribution. If this is not the case, intermolecular hydrophobic interactions either cause aggregation leading to well-defined micellar systems -as in sulfonated PPPs described by Wegner et al. [51] [52] [53] [54] [55] [56] -or agglomeration and precipitation -as in polymers like 9 -11. Consequently, investigations on molecular-dispersely dissolved PPP polyelectrolytes in aqueous media have only been possible so far by means of the rod-like polyelectrolytes 3 -5 [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] . In order to decide how the observed effects can be generalized, the corresponding investigations have to be carried out by means of PPP polyelectrolytes with lower charge density. Therefore we need a new strategy which makes available new PPP polyelectrolytes which remain soluble in water even at vanishing charge density. 
Strategy
The attachment of oligo(ethylene oxide) (OEO) side chains was expected to increase the solubility of PPP-based polymeric systems in water tremendously: poly(ethylene oxide) is a water-soluble polymer which should efficiently lower the intermolecular hydrophobic interactions when attached as a lateral OEO substituent to the apolar PPP main chain. Advantage has already been taken of this useful effect in other cases. Luminescent PPP polyelectrolytes for LED applications [44] , semiconducting polymers for sensors [67] , and molecular composites for ion-conducting membranes [68] may serve as examples. Therefore, we decided to increase the solubility of polymers like 9 -11 in water by using OEO substituents instead of the alkyl moieties used so far.
When OEO side chains are present, however, it is impossible to use the powerful precursor strategy shown in Schemes 2 and 3 because ether cleavage is a key step there. When this treatment is applied to an OEO-substituted precursor PPP, it will cleave not only the phenoxyalkyl groups but also the OEO side chains. Therefore we had to fundamentally modify our precursor strategy.
In order to make available the new PPP polyelectrolytes, we decided to take advantage of amino groups as the precursor functionalities instead of the phenoxyalkyl ether groups used so far, and to introduce the quaternary ammonium groups later on via treatment of the polyamino precursors using low-molecular-weight alkyl halogenides (Scheme 4). Under these conditions, the OEO side chains will remain unchanged. A second advantage of this new strategy should be a clearly simplified and accelerated polyelectrolyte synthesis as the time-consuming ether cleavage on precursors such as 2 is no longer necessary. 
Results and discussion

Monomer synthesis
The new monomers required for the synthesis of amino-functionalized precursor PPPs 14 are, on the one hand, OEO-substituted benzenediboronic acid derivatives 12 and, on the other hand, 1,4-dibromobenzene derivatives 13 bearing lateral amino groups. The precursor functionalities should be attached to the aromatic rings via spacers of tailor-made length and polarity.
The OEO-substituted benzenediboronic acid derivatives 12 as well as their cyclic 1,3-propanediol diesters 12* were expected to be available in analogy to their well-known n-alkyl-or n-alkoxy-substituted counterparts [58, 68] In the first step, 2,5-dibromohydroquinone 16 was treated with tosylate 17a [69] . Pure 1,4-dibromobenzene derivative 18 was obtained in approx. 80% yield. The subsequent conversion of 18 into the diboronic acid derivatives 12, however, proved to be difficult. Standard reaction conditions reported to be successful for the synthesis of benzenediboronic acids are, for example, addition of n-butyllithium to the dibromobenzene derivative, dissolved in n-hexane or diethyl ether at -78, -30, 0 or 60°C, followed by trialkyl borate and final hydrolysis with dilute hydrochloric acid. When we applied these conditions here, we either recovered the starting material 18 nearly unchanged or obtained the dehalogenated starting material B (Scheme 6). Unchanged starting material 18 was mainly found in those cases where only a slight excess of n-butyllithium was applied. We interpreted this finding as a consequence of larger amounts of water present in 18 even after recrystallization and careful drying. This is reasonable because of the highly polar OEO side chains which are wellknown to retain moisture in the material. This moisture causes decomposition of the added organolithium reagent prior to the desired halogen-metal exchange 18 → A (Scheme 6). On the other hand, when we added a larger excess of n-buthyllithium, the halogen-metal exchange 18 → A clearly proceeded, but after work-up, the dehalogenated hydroquinone derivative B was the main product. B is clearly formed via hydrolysis of the dilithiated intermediate A and hence the latter conversions were somehow more successful than the former. However, in order to find appropriate reaction conditions for the formation of the required diboronic acids 12, we had to find out whether the hydrolyzed species B obtained so far is formed via a fast side-reaction of a highly reactive intermediate A already prior to the final hydrolysis, or whether it is alternatively formed during the final hydrolysis because A is not reactive enough to undergo the conversion with B(OCH 3 ) 3 under the selected conditions. To answer this question, we compared the rates of the halogen-metal exchange 18 → A of the subsequent lithium-boron exchange with the respective rates observed in the corresponding conversions of the n-alkyl-and n-alkoxysubstituted 1,4-dibromobenzene analogs. In practice, we first performed the halogen-metal exchange processes under different conditions, varying the applied lithium compound and its quantities, the solvent, the reaction temperature and the reaction time. Each entry was quenched using deuterium oxide which enables us to determine, using 1 H and 13 C NMR spectroscopy, whether or not lithium was attached to the aromatic ring just prior to hydrolysis (Scheme 6). These studies showed that the halogen-metal exchange is much faster for 18 → A than in the corresponding n-alkyl-or n-alkoxy-substituted 1,4-dibromobenzene derivatives: the bis-deuterated product C was obtained in excellent yields under standard reaction conditions, proving the 1,4-dilithiobenzene intermediates to live until the final addition of D 2 O and thus -in principle -until the addition of B(OCH 3 ) 3 as well. However, addition of B(OCH 3 ) 3 did not lead to the diboronic acid. This means that A is not reactive enough to undergo the desired conversion with B(OCH 3 ) 3 under the conditions tested so far.
In order to activate the dilithiobenzene intermediate A, tetrahydrofuran (THF) was used as the solvent instead of n-hexane or diethyl ether. After quenching the new entries using deuterium oxide it became evident that the halogen-metal exchange 18 → A is followed by a fast protolysis of the aryllithium intermediate A when unsuitable reaction temperatures or reaction times were applied. Compound B is then the main product, despite a final D 2 O hydrolysis. When reaction conditions and lithium reagents were suitably selected, however, the bis-deuterated product C was obtained in excellent yields from the entries where THF was the solvent. The highest yields of C were found when 2.2 equivalents of sec-butyllithium were added to the THF solution of 18 at -90°C, immediately followed by the addition of D 2 O at -70°C.
Maintaining all other parameters constant, trimethyl borate was now used instead of D 2 O to prepare the desired benzenediboronic acids 12. After the reaction mixture was allowed to slowly warm up to room temperature, the desired benzenediboronic acid 12 was formed in excellent yields (NMR). This allows the conclusion that the halogen-metal exchange is certainly accelerated by the OEO side chains but the lithium-boron exchange is drastically retarded compared to the corresponding n-alkylor n-alkoxy-substituted 1,4-dibromobenzene derivatives. It is reasonable to assume that these two effects are consequences of the ability of the OEO side chains to coordinate the lithium functionality of A, as is schematically shown in the following drawing [70] .
Finally, an efficient procedure was also required for the work-up of the benzenediboronic acids 12. Since large amounts of boric acid prevented isolation of 12, the excess of B(OCH 3 ) 3 required for the synthesis of 12 was removed by vaporization prior to hydrolysis as completely as possible. Then, the diboronic acid 12 was available in yields of > 50% and high purity (> 98%; 1 H NMR). Finally, a portion of the boronic acid 12 was converted into the cyclic 1,3-propanediol diester 12*. In addition to the benzenediboronic acid derivatives 12 and 12*, further aryldiboronic acid derivatives 19 and 20 as well as their diester counterparts 19* and 20* were prepared according to the literature. They were needed primarily for model investigations performed to optimize the polycondensation process.
(HO) 2 [38, 71] , followed by treatment with a secondary amine 24(αβγ). The competitive quaternization of the amino groups could be suppressed by applying a sufficiently high excess of 24(αβγ) and very mild reaction conditions. Identical conditions were also found to be well appropriate for the last step in the synthesis of 13b: Here, the required tetrabromo compound 28 was obtained via Ni-catalyzed alkylation of 1,4-dichlorobenzene 25 using the Grignard species of 1-bromo-6-methoxy-n-hexane, followed by ether cleavage and bromination of intermediate 27 [40] . 
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Scheme 7. Synthetic routes used to prepare the amino-functionalized dibromobenzene derivatives 13a,b
The third amino-functionalized 1,4-dibromobenzene monomer 13c bearing a tri(ethylene oxide) spacer group between the aromatic ring and the amino nitrogen atom was prepared according to the procedure shown in Scheme 8. In the first step, 2,5-dibromohydroquinone 29 was treated with an excess of 1-chlorotri(ethylene We usually used bis(β-methoxyethyl)amine (α; R 1 = R 2 = CH 2 CH 2 OCH 3 ) as the secondary amine 24. However, to be able to further increase the water solubility of the final PPP derivatives, we also prepared some secondary amines 24(βγ) having one OEO chain of arbitrary (average) length. While synthetic approaches tailor-made for the preparation of secondary amines [74] [75] [76] [77] [78] [79] failed for reasons we have been unable to identify so far, we succeeded in the synthesis of amines 24(βγ) by applying the straight-forward synthesis shown in Scheme 9 [80] :
In the first step, the selected oligo(ethylene glycol) monomethyl ether 34a,b was treated with tosyl chloride 33 to give the respective tosylate 17a,b which was then reacted with an excess of 2-methoxyethylamine 35. After removal of the excess of 35, the secondary amine 24(βγ) was obtained in sufficient purity for the subsequent conversions according to Schemes 7 and 8.
All monomers as well as the intermediates described above were characterized with regard to their molecular constitution using H NMR spectra of monomers 12 (A) and 13bβ (B), recorded in DMSO-d 6 (A) and CDCl 3 (B) solutions at room temperature; the signal assignment is made in analogy to the numbering shown in Schemes 10 (for 12) and 9, 11 (for 13bβ)
Model polycondensations
The primary goal of the following model experiments was to analyze whether (a) the OEO side groups or (b) the amino functionalities affect the Pd-catalyzed polycondensation process. Moreover, if the latter might be the case, we had to find out (c) which spacer groups between the aromatic ring and the tertiary amino groups can efficiently suppress this interaction. Finally, we had to analyze (d) what the best reaction conditions, solvents, and catalysts are to couple the highly polar monomers under consideration here and (e) whether the free benzenediboronic acids 12 are more efficient as comonomers or the corresponding cyclic diesters 12*.
In order to assess the influence of the polar OEO side groups on the Pd-catalyzed polycondensation process, we started our investigation by synthesizing the polymers 36 and 37 (Scheme 10). These model polymers are available from easily accessible starting materials and hence allow a profound analysis of the optimum reaction conditions for Suzuki polycondensations involving highly polar monomers. A sequence of polymerization experiments was carried out according to Scheme 10, varying the solvent (toluene or THF), the concentration of the aqueous base (NaHCO 3 ), the precursor complex of the catalytically active species ( Throughout, exact equimolar amounts of the two respective co-monomers were heated and vigorously stirred for seven days. After four days, a small quantity of diboronic acid derivative was added to compensate potential weight errors caused by uncertainties of the water content of the diboronic acids. After six days, a small volume of bromobenzene was added to convert all remaining boronic acid functionalities into phenyl termini. This was done because boronic acid end groups are wellknown to aggregate and hence to affect the subsequent polymer characterization. Finally, the formed polymers were isolated by precipitation in n-hexane. The solid materials (> 80% of the theoretically expected yield in all successful experiments) was analyzed using 1 H and 13 C NMR spectroscopy, mass spectrometry, sizeexclusion chromatography (SEC) and vapor-pressure osmometry (VPO) to prove the constitutional homogeneity of the polymers and their degrees of polycondensation. As examples, Fig. 2A,B shows the 1 H NMR spectra of polymers 36 (A) and 37 (B), prepared in the THF / aqueous NaHCO 3 / [Pd(PpTol 3 ) 3 ] system using free diboronic acid 12 and diester 19*, respectively, as the comonomers. It is evident that all intense absorptions observed in these spectra correspond to the hydrogen atoms of the inner-chain repeating units of polymers 36 and 37. Only some signals of minor intensity are detectable which could be assigned to the solvent (*), to residues of the catalyst, and to phenyl-, bromo-or hydrogen-bearing end groups (•). Moreover, because absorptions corresponding to structural irregularities cannot be observed, and because the signal intensity of the end group absorptions is very weak, an average degree of polycondensation P n ≈ 20 was estimated for these polymers. This estimate was further supported by VPO In the second step, we had to find out whether the amino groups present in the side chains affect the Pd-catalyzed polycondensation process. Therefore model investigations were carried out according to Scheme 11, using dibromobenzene derivatives 13a,b as the monomers. While 13a has a monomethylene spacer group between phenylene and amino moiety, there is a hexamethylene spacer group in 13b. As diboronic acid counterparts, we used the unsubstituted compounds 19, 19*, 20 and 20*. [Pd] The best results were obtained under the conditions which were found to be optimal for polymers 36 and 37 as well. On the other hand, we found lower yields and lower values of P n in many experiments carried out in other coupling media. The finally produced PPPs 38 and 39 were analyzed using C NMR spectra of polymers 38b (A) and 39a (B), recorded in CDCl 3 at room temperature; the signal assignment is made according to the numbering shown in Scheme 11
According to SEC, monomodal molecular weight distributions are given in the polymers, proving the homogeneity of the Pd-catalyzed coupling process. The NMR spectroscopical investigations support this statement: all intense absorptions observed in the NMR spectra clearly correspond to the inner-chain repeating units of the expected polymers. In addition, there are only some absorptions of minor intensity which can be assigned to the solvent (*), residues of the catalyst and chain termini (•).
The mentioned additional end group absorptions were found to be clearly more intensive for the polymers of the a-series (such as in Fig. 4B ) where a monomethylene group is the spacer between the aromatic ring and the amino nitrogen atom. If a hexamethylene group was the spacer (b-series, see Fig. 4A ), on the other hand, the end group absorptions were clearly weaker. The intensity of the latter end groups is found to be even lower than in the spectra of polymers 36 and 37 discussed above. This indicates that the values of P n achieved here are similar to those obtained for model polymers 36 and 37.
Because this result proved to be reproducible under various reaction conditions, and because other reasons for the lower values of P n in the a-series -such as a change of electron density in the aromatic ring to be coupled, caused by inductive or mesomeric effects due to the β-nitrogen atoms in the side groups of 13a -are rather unlikely, we interpret this finding as a result of coordinative interactions between the amino nitrogen atoms and the catalytically active palladium species.
This interaction, however, seems to be rather weak because it depends strongly on the position of the nitrogen atom in the side chains: When it is in the δ- [43] or η-position (such as in 13b), hardly any influence on the Pd-catalyzed coupling process is observed. Therefore long spacer groups, and thus a larger distance between the nitrogen atom and the aromatic ring, result in a nearly unaffected Pd-catalyzed Suzuki reaction, leading to high-molecular-weight products. This general statement was supported by model investigations using monomer 13c having tri(ethylene oxide) spacer groups between the aromatic ring and the lateral amino nitrogen atoms.
Precursor syntheses
As expected, none of the model polymers 36 -39 discussed so far was soluble in water. We therefore focused our efforts on the synthesis of presumably water-soluble precursor PPPs bearing both OEO and/or polar amino groups attached to every phenylene moiety. For this purpose, we mainly used the dibromobenzene derivatives of the α-series, having two methoxyethylene groups attached to the amino nitrogen atom, because these compounds are best available (Scheme 12). Again, equimolar amounts of the respective comonomers were treated under the coupling conditions optimized above, and the polymers were finally isolated by precipitation in n-hexane. Here as well, All intense absorptions observed correspond to the inner-chain repeating units of a constitutionally homogeneous polymer 14b. The weakness of the absorptions which we assign to the chain termini allows estimation that the values of P n achieved are of the order P n ≈ 25 for the polymer whose spectra are shown in Fig. 6 . For comparison purposes, we also prepared polymers 14a having only a methylene spacer between the aromatic moieties and the amino functionalities. By analogy with the model precursors 38a and 39a, the achieved molecular weights of 14a were clearly lower.
Very importantly, and in clear contrast to PPPs 36 -39, the PPP derivative 14c proved to be readily soluble not only in organic solvents but even in pure water. Hence, the concept of introducing polar OEO side chains to increase the watersolubility of non-ionic PPP derivatives proved to be successful. Detailed investigations of the solution properties of PPP polyelectrolytes of low charge density will now be possible in aqueous media. Some first studies dealing with the step-by-step protonation of 14c will be presented in the last section of this article.
Controlled protonation of polymers 14c
The precursor PPPs such as 14c described above represent polybases since they contain tertiary amino groups in their solubilizing side chains. Moreover, these polymers proved to be soluble in water already prior to their final quaternization leading to polyelectrolytes. First we had to answer the question whether this solubility in water is the result of the polar OEO side groups or whether it is additionally supported by a partial protonation of the amino groups even when dissolved in pure water.
For all subsequent analyses performed on aqueous solutions of precursor PPPs 14c it is of crucial importance to know the pH value at which the chains are completely Scheme 13.
Step-by-step protonation of monoamine 40 as a model reaction for the corresponding conversion of precursor PPPs 14
After dissolution of amine 40 (0.2 mmol) in D 2 O (10 mL), a value of pH 11.4 (determined using a pH electrode) was adjusted by dropwise addition of 1 N NaOD / D 2 O. A small quantity of the resulting solution was then taken to record an initial NMR spectrum. Small amounts of 1 N DCl in D 2 O were then added successively to the solution while taking NMR samples after each addition. A representative series of 1 H NMR spectra thus obtained is shown in Fig. 7 .
It is clearly evident from these spectra that the CH 2 protons directly attached to the nitrogen atom (H 16 , H 17 ) are very sensitive probes for the protonation state of the nitrogen atom: the spectra show the signal of the N-CH 2 protons shifting from δ = 2.82 ppm at pH 11.41 to δ = 3.55 ppm at pH 4.85. This shift towards lower fields at decreasing pH value is a direct consequence of the less efficient magnetic shielding of the protons when the neighboring nitrogen atom is protonated. In case of complete protonation as well as complete deprotonation, sharp triplets can be detected for the N-CH 2 protons. In all other cases, the signal is very broad and unstructured. This is presumably due to proton interchange processes that occur at a rate comparable to the time window of the NMR experiment.
In the next step, we performed the above titration experiment using precursor PPP 14c. Here 0.1 mmol of 14c was dissolved in 10 mL D 2 O to achieve the same concentration of amino nitrogens in the solution as before for 40 (Scheme 14). The obtained series of 1 H NMR spectra is shown in Fig. 8 . It is evident that the shift of the signals can be interpreted in full analogy to that found for the monoamine 40: again, a drastic shift towards lower field is found at decreasing values of pH. C NMR spectra shown in Fig. 9 are those of the completely deprotonated (A) and completely protonated (B) monoamine 40 as well as of the deprotonated (C) and protonated (D) precursor PPP 14c. It can be seen that in the case of 13 C NMR spectroscopy the CH 2 group in β position to the nitrogen atom (C 18 ) is subjected to the most evident shift upon (de)protonation. Moreover, in clear contrast to the results of 1 H NMR spectroscopy, the protonation causes a shift to higher fields in the 13 C NMR spectra: the absorption of the N-CH 2 -CH 2 carbons of the deprotonated amine 40 appears at δ = 70.86 ppm whereas the corresponding absorption of the protonated monoamine is detected at δ = 66.81 ppm. This is obviously the inverse direction to that observed for the Step-by-step protonation of precursor PPP 14c The correctness of the above peak assignment was verified using Due to the fast proton-exchange processes it is impossible to quantify the degree of protonation in a partially protonated polymer using NMR spectroscopy in D 2 O. In order to correlate the obtained 1 H NMR data for each value of pH quantitatively with the degrees of protonation, supporting titration experiments were carried out using pH electrodes. In these experiments, the low-molecular-weight monoamine 40 or the precursor PPP 14c were dissolved in H 2 O (0.2 mmol amino nitrogens in 10 mL) first. The resulting pH value was then determined. Starting from this point, 1 N aqueous HCl or NaOH was added in small portions. The pH values determined in the course of these experiments were plotted against the respective amounts of added HCl and NaOH (Fig. 11) .
From these data it is obvious that the plot obtained for the precursor PPP 14c is completely shifted to the right compared to the plot of monoamine 40. We assume this is due to the fact that the analyzed samples of precursor PPP 14c were already protonated to approx. 30%, maybe because chloroform was used for the work-up and purification process that can contain traces of hydrochloric acid.
The protonation and deprotonation of monoamine 40 as well as of the precursor PPP 14c take place in the range between approx. 10 > pH > 4. The inflection points of the curves at pH ≈ 10 and ≈ 4 represent the exact values of 0% and 100% protonation. The absolute values of the degrees of protonation obtained by calibration with respect to these points of inflection are now plotted against the pH values for monoamine 40 as well as for precursor PPP 14c (Fig. 12) . The blue circles and red dots are calculated from the experimental data determined using the pH electrode (values plotted at the left y-axis). The black triangles, on the other hand, are based upon the 1 
H NMR chemical shifts of the respective N-CH 2 protons (δ-values plotted at the right y-axis).
From these data, one can determine a buffer region between pH ≈ 6.5 and ≈ 8.5 for monoamine 40, and between pH ≈ 6.0 and ≈ 8.0 for polyamine 14c. Accordingly, the precursor PPP 14c (pK a ≈ 7.0) seems to be a weaker base than monoamine 40 (pK a ≈ 7.5).
Based on these results, and assuming that the equilibrium state was reached in all cases, we recalculated the curves based on the law of mass action for degrees of protonation between 10% and 90%. The results are represented in Fig. 12 as solid lines. In the case of monoamine 40, data determined using the pH electrode agree very well with the expected behaviour of a monobasic amine having a pK a of 7.5.
For the polymeric amine, on the other hand, there is obviously a slight deviation: the slope of the calculated curve is larger than that of the measured values. Whether intramolecular interactions or other reasons are responsible for this deviation will be the subject of further investigations. The same applies for the deviations observed in the data acquired from 1 H NMR spectroscopy: here, the ratios of protonation are in 
Conclusions and outlook
A novel synthetic strategy is presented for the preparation of PPP polyelectrolytes which are water-soluble even at vanishing charge density. The key to this success is the attachment of long OEO side chains to all p-phenylene repeating units which do not bear amino or ammonium functionalities. The Pd-catalyzed polycondensation process is shown to be unaffected by the OEO side chains as well as by the lateral amino groups if the latter are attached via sufficiently long spacers. The aminofunctionalized precursor PPPs can be converted into PPP polyelectrolytes via stepby-step protonation. The degree of protonation can easily be adjusted via the pH value, ranging from 0% at pH > 10.5, approx. 50% at pH 7.0 and up to 100% at pH < 4.0.
Hence, the new PPPs allow realization of a tailor-made average charge density and are therefore promising candidates for the development of a deeper understanding of polyelectrolyte behavior in aqueous media. In subsequent papers, we will report on the protonation process of 14 in more detail as well as on the transformation of precursor PPPs 14 into polyelectrolytes 15 via quaternization using alkyl halogenides.
Experimental part
Materials
All chemicals and solvents were purchased from Acros, Aldrich, Fluka and Lancaster Chemical Co. and used without further purification unless otherwise stated. In order to remove peroxide impurities and oxygen, tetrahydrofuran (THF) was refluxed with sodium and distilled under nitrogen. 1,4-Dibromo-2,5-bis(α-bromomethyl)benzene 23 C NMR spectra was done according to the numbering given for selected compounds in Schemes 9 -13. VPO measurements were carried out using the GONOTEC OSMOMAT 070-SA osmometer. The number-average molar mass M n was determined in chloroform at 35°C.
SEC chromatograms were recorded in THF solvent with a system consisting of a Waters 510 pump, the TSP AS 100 injector, the PL Gel Mixed-B, C and D columns as well as the Waters RI 410 differential refractometer. Data were collected using the WINGPC V. 6.01 software. Polystyrene was used as the standard. The given absolute values of molar masses should be taken with some care therefore.
MALDI-TOF measurements were carried out with the Analytical-Kompact MALDI 4 (Kratos) mass spectrometer. The mass spectrometer was calibrated externally with poly(ethylene oxide) standards before each measurement. 
α-(p-Tosyl)-oligo(ethylene glycol) monomethyl ether, 17b
Under an atmosphere of nitrogen, tosyl chloride 33 (60 g, 314.3 mmol, 1.1 eq) was dissolved in a mixture of pyridine (80.0 ml, 45.2 g, 571.4 mmol, 4.0 eq) and chloroform (300 mL), and the resulting solution was cooled (3°C). A solution of poly-(ethylene glycol) monomethyl ether 34b (number-average degree of polymerization x = 8, M n = 350; 100 g, 285.7 mmol, 1.0 eq) dissolved in chloroform (30 mL) was added dropwise. The reaction mixture was stirred at 3°C for 3 h and at room temperature for 2 h. The resulting solution was poured into ice water (250 mL) and washed with methylene chloride (250 mL). The organic layer was washed with icecold 6 N HCl (3 x 150 mL), water (2 x 200 mL) and finally dried (MgSO 4 ). The solvent was removed, leading to a yellowish oil of pure 17b (134.47.g, 93% 
1,4-Dibromohydroquinone, 16
Bromine (64.0 g, 400 mmol, 2 eq) was added to a stirred and cooled (< 35°C) suspension of hydroquinone (22.0 g, 200 mmol, 1 eq) in concentrated acetic acid (200 mL). After 20 -30 min, the product started to crystallize. After 2 h, the precipitate was collected in a Büchner funnel and washed with a small amount of water (50 mL). Water (500 mL) was added to the remaining solution, and the resulting mixture was stored at 0°C for further 12 h. The precipitate formed in that time was collected in a Büchner funnel and washed with water (50 mL). The combined solid materials were recrystallized twice from water. The yield was 35.2 g (66%) of colourless crystal plates; m.p.: 184°C (lit.: 188 -189°C [68] ). 
1,4-Dibromo-2,5-bis(1,4,7,10-tetraoxaundecanyl)benzene, 18a
Under an atmosphere of nitrogen, a suspension of α-(p-tosyl)-ω-methoxytris(oxyethylene) 17a (47.12 g, 148.0 mmol, 2 eq), 1,4-dibromohydroquinone 16 (20.10 g, 75.0 mmol, 1 eq) and potassium carbonate (31.10 g, 225.0 mmol) in N,N-dimethylformamide (DMF) (180 mL) was first stirred at 80°C for 5 h, then at room temperature for 20 h. The formed solid was filtered off and extracted with tert-butyl methyl ether (3 x 100 mL). Water (200 mL) was added to the combined organic layers. The aqueous layer was extracted with tert-butyl methyl ether (3 x 200 mL). The combined organic layers were washed successively with aqueous NaOH (2 M, 2 x 50 mL) and water (3 x 100 mL) and finally dried (MgSO 4 ). After filtration, the solvent was removed. The oily residue was recrystallized from ethanol (1000 mL) at -20°C. The yield was 32.76 g (78%) of colourless crystals; m.p.: 36 -38°C (lit.: 33 -34°C [68] 
2,5-Bis(1,4,7,10-tetraoxaundecanyl)benzene-1,4-diboronic acid, 12a
Under an atmosphere of nitrogen, a solution of sec-butyllithium in cyclohexane (1.3 M, 36.23 mL, 47.1 mmol, 2.2 eq) was added to a cooled (-90°C) solution of 1,4-dibromo-2,5-bis(1,4,7,10-tetraoxaundecanyl)benzene 18a (12.0 g, 21.4 mmol, 1 eq) in THF (180 mL). The reaction mixture was allowed to warm up to -70°C within 5 min. Undiluted trimethyl borate (45 mL, 401 mmol, 19 eq) was added quickly with vigorous stirring. The reaction mixture was allowed to slowly warm up to room temperature overnight. The resulting solution was filtered. Solvents and excess of trimethyl borate were removed in vacuo. Hydrochloric acid (1 N, 40 mL) was added to the obtained glassy material. The mixture was stirred for 24 h at room temperature. The obtained aqueous solution was extracted using chloroform (3 x 70 mL). The combined organic layers were dried (MgSO 4 ), filtered, and the solvent was removed. Toluene (200 mL) and aqueous HCl (2 N, 3 mL) were added to the obtained crude material, and the mixture was vigorously stirred for 24 h. The formed solid material was isolated by filtration. It was recrystallized from toluene (300 mL) and dried in vacuo (CaCl 2 ).
2-Methoxyethyl-2-methoxydiethoxyethylamine, 24β
To a refluxed and stirred solution of methoxyethylamine 35 (50 mL, 43.2 g, 575 mmol, 4.0 eq) in isopropanol (108 mL), α-(p-tosyl)-tri(ethylene glycol) monomethyl ether 17a (45.77 g, 144 mmol, 1.0 eq) in isopropanol (38 mL) was added dropwise. After complete addition, the mixture was refluxed for further 20 h. At room temperature, NaOH (6.62 g, 166 mmol, 1.14 eq) was added, and stirring was continued for further 12 h. The formed white solid was removed by filtration, and the solvent and the excess of methoxyethylamine were removed by distillation in vacuo. The residue was diluted with methylene chloride (approx. 30 mL) and filtered again. The solvent was removed, and the oily residue was dried in vacuo. The yield was 27.5 g (86%) of a brown oil. 
2-Methoxyethyl-ω-methoxyoligoethoxyethylamine, 24γ
The synthesis of 24γ proceeded as described for 24β. (C 18, 18' ).
1,4-Dibromo-2,5-bis[α-(2-methoxyethyl)aminomethyl]benzene, 13a(α)
1,4-Dibromo-2,5-bis(α-bromomethyl)benzene 23 (5.0 g, 11.85 mmol), dissolved in chloroform (500 ml), was added dropwise over a period of 6 h to vigorously stirred bis(2-methoxyethyl)amine 24α (70 ml, 474 mmol). Subsequently, the mixture was heated to reflux for further 24 h. The solvent and the excess of bis(2-methoxyethyl)-amine were removed in vacuo (0.1 mbar, 40°C). The oily residue was dissolved in chloroform and transferred to a column filled with basic aluminium oxide (particle diameter: 0.05 -0.15 mm; pH 9.5). Using ethyl acetate as eluent, all impurities were retained by the aluminium oxide while the pure product eluated. The solvent was removed, and the crystalline product was dried in vacuo. 
1,4-Dibromo-2,5-bis[ω-bis(2-methoxyethyl)aminohexyl]benzene, 13b(α)
A solution of 1,4-dibromo-2,5-bis(ω-bromohexyl)benzene 28 (5.0 g, 8.90 mmol) in chloroform (420 ml) was added dropwise over a period of 6 h to vigorously stirred and heated bis(2-methoxyethyl)amine 24α (52.5 ml, 355.5 mmol). Subsequently, the mixture was heated to reflux for further 24 h. The solvent and the excess of bis(2-methoxyethyl)amine were removed in vacuo (0.1 mbar, 40°C). The residue was dissolved in chloroform (5 mL) and then transferred to a column filled with basic aluminium oxide (particle diameter: 0.05 -0.15 mm; pH 9.5). Using ethyl acetate as eluent, all impurities were retained by the aluminum oxide while the pure product eluated. The solvent was removed, and the oily product was dried in vacuo. 
1,4-Dibromo-2,5-bis[bis-6-(2-methoxyethyl-2-methoxydiethoxyethyl)aminohexyl]-benzene, 13b(β)
A solution of 1,4-dibromo-2,5-bis(ω-bromohexyl)benzene 28 (4.5 g, 8 mmol, 1 eq) in chloroform (350 mL) was added dropwise over a period of 4 h to vigorously stirred and heated (85°C) 2-methoxyethyl-2-methoxydiethoxyethylamine 24β (28.29 g, 128 mmol, 16.0 eq). Subsequently, the mixture was heated to reflux for further 3 days. The solvent was removed. Chloroform (100 mL) was added to the oily residue, and the resulting solution was washed with water (8 x 200 mL) until the aqueous layer did not show any yellow discoloration. The organic layer was dried (MgSO 4 ), filtered, and the solvent was removed in vacuo. The residue was dissolved in a small quantity of chloroform and then transferred onto a column filled with basic aluminium oxide (particle diameter: 0.05 -0.15 mm; pH 9.5, deactivated using 15% of water). Using toluene / ethyl acetate (2:1) with two percent of triethyleneamine as the mobile phase, impurities remained on the top of the column while the pure product eluated. The solvent was removed, and the oily product was dried in vacuo. 
1,4-Dibromo-2,5-bis[bis-6-(2-methoxyethyl-2-(ethoxyoligoethoxyethyl)aminohexyl]-benzene, 13b(γ)
A solution of 1,4-dibromo-2,5-bis(ω-bromohexyl)benzene 28 (1.5 g, 2.67 mmol, 1 eq) in chloroform (100 mL) was added dropwise over a period of 2 h to vigorously stirred and heated (85°C) 2-methoxyethyl-2-methoxyoligoethoxyethylamine 24γ (16.79 g, 42. 72 mmol, 16.0 eq). Subsequently, the mixture was heated to reflux for further 5 days. The solvent was removed. Chloroform (50 mL) was added to the oily residue, and the resulting solution was washed with water (8 x 200 mL) until the aqueous layer remained colorless. The organic layer was dried (MgSO 4 ), filtered, and the solvent was removed in vacuo. The residue was dissolved in a small quantity of chloroform and then transferred onto a column filled with basic aluminium oxide (particle diameter: 0.05 -0.15 mm; pH 9.5). Using ethyl acetate / toluene (3:1) with one percent of triethyleneamine as the mobile phase, impurities remained on the top of the column while the pure product eluated. The solvent was removed, and the oily product was dried in vacuo. The yield was 1.93 g (61%) of a brown viscous oil. 
.
1,4-Dibromo-2,5-bis(ω-hydroxytris(oxyethylene))benzene, 31
Under an atmosphere of nitrogen, a suspension of 1,4-dibromohydroquinone 29 (18.05 g, 67.4 mmol, 1 eq) in tert-butanol (75 mL) was added to a stirred suspension of potassium tert-butanolate (16.65 g, 148.4 mmol) in tert-butanol (75 mL). The mixture was stirred and heated (90°C) for 2.5 h. 2-(2-(2-Chloroethoxy)ethoxy)ethanol 30 (25 g, 148.3 mmol, 2.2 eq) was added dropwise over a period of 1.5 h. After complete addition, the mixture was heated (90°C) for further 65 h. At room temperature, the mixture was filtered, and the formed solid was extracted with dichloromethane (100 mL). The solvents were removed from the combined organic solutions. The raw material obtained was dissolved in dichloromethane (400 mL). The solution was washed with aqueous HCl (2 N, 2 x 50 mL) and water (100 mL), dried (MgSO 4 ), filtered, and the solvent removed. The oily residue obtained was recrystallized from isopropanol (800 mL). 
1,4-Dibromo-2,5-bis(ω-(p-tosyl)-tris(oxyethylene))benzene, 32
Under an atmosphere of nitrogen, pyridine (11.8 mL, 144.4 mmol, 4 eq) was added to a cooled (2°C) solution of 1,4-dibromo-2,5-bis(ω-hydroxytris(oxyethylene))benzene 31 (19.23 g, 36.13 mmol, 1 eq) in chloroform (50 mL). Tosyl chloride (20.66 g, 108.4 mmol, 3 eq) was added in small portions to the cooled (2°C) and stirred solution. After complete addition, stirring was continued at 2°C for 4 h and at room temperature overnight. Chloroform (250 mL) was added, and the resulting organic layer was washed consecutively with aqueous HCl (2 x 80 mL) and water (2 x 100 mL). The organic layer was dried (MgSO 4 ), and the solvent was removed. The raw material obtained (which still contained some toluenesulfonic acid) could be used without further purification for the subsequent conversion. 
1,4-Dibromo-2,5-bis(ω-(bis(2-methoxyethyl)amine)-tris(oxyethylene))benzene, 13c
A solution of 1,4-dibromo-2,5-bis(ω-(p-tosyl)-tris(oxyethylene))benzene 32 (12.00 g 14.27 mmol, 1 eq) in chloroform (175 mL) was added within 3 h to heated (65°C) and stirred bis(2-methoxyethyl)amine 24α (76.05 g, 571 mmol, 40 eq). The mixture was refluxed for 12 h. The solvent was removed. Chloroform (100 mL) was added to the oily residue and the resulting solution was washed with water (4 x 200 mL). The organic layer was dried (MgSO 4 ) and the solvent was removed. The obtained raw material was purified by column chromatography [eluent: ethyl acetate / n-hexane: 1/1; stationary phase: basic aluminium oxide (particle diameter: 0.05 -0.15 mm, pH 9.5)]. The yield was 6.63 g (61%) of a slightly yellowish oil. 
Polymer syntheses: General procedure for approx. 1 g of polymer
Under an atmosphere of nitrogen, 1,4-dibromobenzene derivative (1 eq), benzene-1,4-diboronic acid derivative (1 eq), 1 M aqueous NaHCO 3 (31 eq), THF, water and tris(tri-p-tolylphosphine)palladium (0.24 -0.67 mol-%) were heated and vigorously stirred for 7 days. After 4 days, benzene-1,4-diboronic acid derivative (5 mol-%) and Pd catalyst (0.1 -0.2 mol-%) were added. After 6 days, bromobenzene (3 eq) was added. After cooling the reaction mixture down to room temperature, the organic layer was separated off, the aqueous layer was extracted with chloroform (3 x 30 mL), and the combined organic layers were dried (MgSO 4 ), filtered, and the organic solvent was removed. The crude product was redissolved in chloroform (15 mL) and precipitated by adding n-hexane (500 mL).
Specific polymer syntheses: Applied quantities, yields and analysis
Poly [2,5- Initial quantities: 1,4-Dibromo-2,5-bis(1,4,7,10-tetraoxaundecanyl)benzene 18 (0.457 g, 0.816 mmol, 1 eq), 2,5-bis(1,4,7,10-tetraoxaundecanyl)benzene-1,4-diboronic acid 12 (0.400 g, 0.816 mmol, 1 eq), NaHCO 3 (2.1 g, 25 mmol, 31 eq), THF (15 mL), water (10 mL) and tris(tri-p-tolylphosphine)palladium (2 mg, 0.002 mmol, 0.24 mol-%). After 4 days: Diboronic acid 12 (20 mg, 0.04 mmol, 5 mol-%) and Pd catalyst (6 mg, 0.006 mmol). After 6 days: Bromobenzene (0.1 mL, 0.9 mmol). The yield was 481 mg (74%) of a powdery material. Initial quantities: Dibromobenzene derivative 13a (999.97 mg, 1.90 mmol, 1 eq), diboronic acid diester 19* (466.60 mg, 1.90 mmol, 1 eq), NaHCO 3 (5 g, 59.52 mmol, 31 eq), THF (49 mL), water (33.4 mL) and tris(tri-p-tolylphosphine)palladium(0) (6.7 mg, 0.007 mmol, 0.36 mol-%). After 4 days: Benzene-1,4-diboronic acid derivative 19* (23.3 mg, 0.09 mmol, 5 mol-%), Pd catalyst (2 mg, 0.002 mmol, 0.1 mol-%). After 6 days: Bromobenzene (0.6 mL, 5.69 mmol, 3 eq). Specific work-up: After complete conversion, THF (20 mL) and water (10 mL) were added. The aqueous layer was separated off and washed with toluene (2 x 15 mL) until the aqueous layer was colorless. The combined organic layers were rotavaporated to dryness. The residue was dissolved in methylene chloride (approx. 20 mL), and the resulting solution was filtered. Methanol (250 mL) was added and the polymeric precipitate isolated using a centrifuge and dried (1 st fraction). The obtained solution was rotavaporated to dryness. The residue was dissolved in methylene chloride (50 mL) and filtered. The volume of the solution was concentrated down to a few milliliters, and n-hexane (250 mL) was added. The polymer precipitated, was isolated using a centrifuge, and dried in vacuo over CaCl 2 . The yield was 60 mg (0.14 mmol, 7%; 1 st fraction) of a colorless polymer and 200 mg (0.45 mmol, 24%; 2 nd fraction) of a brownish polymer. Initial quantities: Dibromo compound 13a (1.5 g, 2.85 mmol, 1 eq), diboronic acid diester 20* (918.6 mg, 2.85 mmol, 1 eq), NaHCO 3 (7.51 g, 89.34 mmol, 31 eq), THF (73.6 mL), water (50.2 mL) and tris(tri-p-tolylphosphine)palladium(0) (10.1 mg, 0.01 mmol, 0.35 mol-%). After 4 days: Diboronic acid diester 20* (45.93 mg, 0.14 mmol, 5 mol-%) and Pd catalyst (3 mg, 0.003 mmol, 0.1 mol-%). After 6 days: Dibromobenzene (0.9 mL, 8.54 mmol, 3 eq). Specific work-up: After complete conversion, THF (20 mL) and water (10 mL) were added. The organic layer was separated off, the aqueous layer was washed with toluene (2 x 100 mL). The combined organic layers were rotavaporated to dryness. The residue was dissolved in toluene (50 mL), heated (until a yellow solution was obtained), and filtered at increased temperature. The solution was concentrated down to a few milliliters, and the polymer was precipitated by adding n-hexane (400 mL). The precipitate was isolated using a centrifuge and dried in vacuo over CaCl 2 . The yield was 890 mg (1.72 mmol, 60%) of a powdery polymer. ). Initial quantities: Dibromobenzene derivative 13b (1 g, 1.5 mmol, 1 eq), diboronic acid diester 19* (368.3 mg, 1.5 mmol, 1 eq), NaHCO 3 (3.95 g, 47.02 mmol, 31 eq), THF (39.5 mL), water (26.3 mL) and tris(tri-p-tolylphosphine)palladium(0) (10.53 mg, 0.01 mmol, 0.67 mol-%). After 4 days: Diboronic acid diester 19* (18.42 mg, 0.08 mmol, 5 mol-%) and Pd catalyst (3 mg, 0.003 mmol, 0.2 mol-%). After 6 days: Bromobenzene (0.47 ml, 4.46 mmol, 3 eq). Specific work-up: After complete conversion, THF (15 mL) and water (8 mL) were added to ensure proper phase separation. The organic layer was separated off, the aqueous layer was washed with toluene (2 x 80 mL). The combined organic layers were filtered, the solvent was removed, and the residue was redissolved in THF (50 mL). Methanol (250 mL) was added, and the formed precipitate was separated off by centrifugation. The obtained solution was rotavaporated to dryness, and the solid residue was re-dissolved in methylene chloride (50 mL). After filtration, the solution was concentrated down to a few milliliters and the polymer was precipitated by adding n-hexane (250 mL). The precipitated polymer was isolated using a centrifuge. The product was dried in vacuo over CaCl 2 . The yield was 600 mg (1.03 mmol, 67%) of a powdery polymer. 
